The reactions of glutathione (GSH) with polychlorinated biphenyl (PCB) quinones having different degrees of chlorination on the quinone ring were examined. EPR spectroscopy and MS revealed 2 types of reactions yielding different products: (i) a nonenzymatic, nucleophilic displacement of chlorine on the quinone ring yielding a glutathiylated conjugated quinone and (ii) Michael addition of GSH to the quinone, a 2-electron reduction, yielding a glutathiylated conjugated hydroquinone. The pKa of parent hydroquinone decreased by 1 unit as the degree of chlorination increased. This resulted in a corresponding increase in the oxidizability of these chlorinated hydroquinones. The reaction with oxygen appears to be first-order each in ionized hydroquinone and dioxygen, yielding hydrogen peroxide stoichiometrically. The generation of semiquinone radicals, superoxide, and hydroxyl radicals was observed by EPR; however, the mechanisms and yields vary depending on the degree of the chlorination of hydroquinone/quinone and the presence or absence of GSH. Our discovery that chlorinated quinones undergo a rapid, nonenzymatic dechlorination upon reaction with GSH opens a different view on mechanisms of metabolism and the toxicity of this class of compounds.
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dechlorination ͉ EPR ͉ superoxide ͉ semiquinone ͉ hydrogen peroxide P olychlorinated biphenyls (PCBs) are ubiquitous environmental pollutants (1, 2) . Many PCBs are poorly biodegradable and thus accumulate and are amplified through the food chain (3) . Several congeners, including lower chlorinated PCBs, act as tumor promoters (4) . Mechanisms involving reactive metabolites have been proposed in the initiating action of PCBs. Lower-chlorinated biphenyls can be metabolized by cytochrome P450 1A1, 1A2, 2B1/2B2, via arene oxides to mono-and dihydroxylated intermediates and further to quinones (5, 6) . Quinones are reactive electrophiles, which can readily undergo Michael addition with a multitude of intracellular nucleophiles, such as amino acids, glutathione (GSH), proteins, and nucleic acids. Quinones can also be reduced to highly reactive semiquinone radicals, which in turn, lead to the formation of reactive oxygen species (ROS), causing oxidative stress and toxicity (7) .
GSH is the major nonprotein sulfhydryl in cells (8) . As a nucleophile, it will conjugate with electrophiles both enzymatically and nonenzymatically; conjugation with various xenobiotics and/or their metabolic intermediates typically converts them into less toxic products. These reactions can be complex because of the possible involvement of a variety of free radicals (9, 10) . Here, we evaluate the redox properties and mechanisms of the reactions of GSH with PCB quinones. We have discovered that certain chlorinated quinones not only undergo Michael addition reactions with GSH, but also GSH can nonenzymatically displace chlorine on the quinone ring.
Results and Discussion
Glutathione can react with quinone rings via Michael addition forming corresponding hydroquinones (11, 12) ,
[1]
These hydroquinones can undergo comproportionation reactions with quinones forming semiquinone radicals,
Here, we examine some chemistry of the oxygenated PCBs of Fig. 1 . When 4Ј-Cl-2,5-Q is examined by EPR (1 mM, pH 7.4), a small 4-line spectrum (1:3:3:1) is observed, consistent with the presence of 4Ј-Cl-2,5-SQ •Ϫ , Fig. 2A (13) . The introduction of GSH (0.5 mM) to this solution generated a spectrum suggesting the presence of at least 2 different radicals, Fig. 2B [and supporting information (SI) Figs. S1 and S2], and the reactions presented as Eqs. 2 and 3;
This second radical species would be expected for a semiquinone radical resulting from the addition of GSH to the quinone ring and the associated loss of 1 ring-hydrogen, GS-SQ •Ϫ . When [GSH] was increased to 1.0 mM or more (1:1 molar ratio of 4Ј-Cl-2,5-Q to GSH, or more), all EPR signals were lost, Fig. 2C , consistent with the complete conversion of the quinone to a hydroquinone (GS-H 2 Q) (see the reaction presented as Eq. 1). When Q is depleted, SQ •Ϫ will not be formed by comproportionation reactions (see the reaction presented as Eq. 2).
If there is complete conversion of 4Ј-Cl-2,5-Q to a corresponding GS-H 2 Q, as suggested by the results of Fig. 2C , then the 1-electron oxidation of GS-H 2 Q would yield a semiquinone radical GS-SQ •Ϫ . To accomplish this 1-electron oxidation we used the horseradish peroxidase-H 2 O 2 system, HRP/H 2 O 2 ; These observations indicate that Ͼ1 glutathione can add to PCB-quinones, resulting in associated semiquinone radicals. The reductive addition of GSH to a quinone will result in the formation of the associated hydroquinone (see the reaction presented as Eq. 1). The HRP/H 2 O 2 system will oxidize these hydroquinones back to quinone, most likely via the formation and reactions of semiquinone radicals:
Semiquinone radicals can react with oxygen to produce O 2 •Ϫ , depending on the 1-electron reduction potential of the quinone (14, 15) . To examine this possible production of O 2
•Ϫ , we used EPR spin trapping with DMPO. The reductive addition of GSH to 4Ј-Cl-2,5-Q gives not only hydroquinone but was accompanied by the generation of a glutathiylated semiquinone radical 4Ј-Cl-GS-2,5-SQ
•Ϫ via comproportionation reactions, i.e., the reverse of the reactions shown in Eqs. 5-7. When Q was in excess, no spin adducts of DMPO were observed; only the semiquinone radical of the glutathiylated SQ •Ϫ was detected, Fig. 3A . However, when the ratio of GSH and 4Ј-Cl-2,5-Q was 1:1, we observed the superoxide spin adduct of DMPO, Fig. 3B . The inclusion of SOD completely suppressed its formation. When EPR spectra were collected over time from this 1:1 solution of GSH and 4Ј-Cl-2,5-Q, in Ϸ1 h the DMPO/
• OOH signal waned and the spectrum of 4Ј-Cl-GS-2,5-SQ
•Ϫ appeared. When GSH was increased to 2 mM, only hints of the superoxide adduct were observed; DMPO/ HO
• was the principal adduct, Fig. 3C Fig. 3 also suggested that the equilibrium position for the reaction shown as Eq. 8,
lies to the left. The lack of DMPO adduct in the experiment of Fig. 3A along with the loss of DMPO/ • OOH and appearance of 4Ј-Cl-GS-2,5-SQ •Ϫ with time in Fig. 3 B and C suggest that when O 2 •Ϫ is formed, it undergoes a rapid back reaction with the quinone. By using benzoquinone and various substituted quinones as references, the rate constant for the forward reaction will be Ϸ10 4 to 10 5 M Ϫ1 s Ϫ1 , whereas the rate constant for the reverse reaction is on the order of 10 8 to 10 9 M Ϫ1 s Ϫ1 (15-18). The rate constant for the reaction of O 2
•Ϫ with DMPO at pH 7.4 is Ϸ40 M Ϫ1 s Ϫ1 (19) . Thus, it takes very little quinone to out compete DMPO for O 2 •Ϫ . These observations can be explained as: GSH undergoes a rapid reductive addition to 4Ј-Cl-2,5-Q forming 4Ј-Cl-GS-2,5-H 2 Q. 4Ј-Cl-GS-2,5-H 2 Q oxidizes somewhat more easily than the nonsubstituted hydroquinone (20) (21) (22) ; the oxidized product 4Ј-Cl-GS-2,5-Q will comproportionate with 4Ј-Cl-GS-2,5-H 2 Q producing the corresponding semiquinone radical, parallel to the reverse of the reaction shown as Eq. 6. In an aerobic environment, semiquinone radicals react with dioxygen forming O 2
•Ϫ (see the reactions shown in Eqs. 8 and 9):
[11] is not yet known, but may be via a mechanism parallel to that proposed by Zhu et al. (23) (24) (25) . That is, the glutathiylated hydroquinone is oxidized by dioxygen yielding quinone and H 2 O 2 . H 2 O 2 then reacts with SQ •Ϫ , in a metal-independent mechanism, producing HO • . These data clearly demonstrate that the reactions shown in Eqs. 9, 10, and 11 can be a significant route to the formation of O 2
•Ϫ with the subsequent production of H 2 O 2 and HO • . We have previously shown that the greater the number of chlorines on the oxygenated ring, the more persistent the resulting semiquinone radical (26) . Chlorines on the quinone ring should increase the overall electrophilic character of the quinone ring and thereby increase the ease of Michael addition of nucleophiles such as glutathione. To examine this chemistry with chlorinated quinones, we used EPR; the addition of GSH to quinone rings will result in characteristic changes in the EPR spectrum of the associated semiquinone free radicals due to loss of hydrogen splitting. When 4,4Ј-Cl-2,5-Q (0.1 mM) was examined by EPR, a strong 3-line spectrum (Ϸ1:2:1, by area) was detected, consistent with the presence of 4,4Ј-Cl-2,5-SQ •Ϫ , Fig.  4A . The titration of GSH from 10 M to 100 M into this solution generated different EPR spectra. When [GSH]/[Q] was increased to 0.5 and 1, the changes in the spectra were consistent with the addition of GSH and associated loss of hydrogen on the quinone ring, Fig. 4B (and Fig. S3 ). Higher concentrations of GSH (200 M) suppressed the EPR signal. However, unlike the experiments of Fig. 2 , addition of GSH produced a weaker EPR signal. In Fig. 2 GSH reacts with the quinone via Michael addition generating the corresponding glutathiylated hydroquinone; this hydroquinone reacts with remaining quinone via comproportionation (see the reaction shown as Eq. 2) producing a stronger signal for the semiquinone radical. In the experiments of Fig. 4 A and B , the observation of weaker signals upon addition of GSH suggests there may be other reactions occurring.
Because increasing the number of chlorines on the oxygenated ring of PCB-semiquinones increases the persistence of the resulting semiquinone radical (26), we examined the changes in the EPR spectra of 3,6,4Ј-Cl-2,5-Q (10 M) upon the addition of GSH. As expected, 3,6,4Ј-Cl-2,5-Q produced a strong 2-line spectrum (1:1), Fig. 4C . Parallel to the experiments of Fig. 4 A  and B , the addition of GSH yielded a weaker EPR spectrum. Interestingly, increasing GSH further resulted in a change from a 2-line spectrum to a simple 1-line spectrum implying the loss of a ring-hydrogen, Fig. 4D and Fig. S4 . However, the stoichiometry of the GSH to Q ratio required for this change suggests that there may be nonreductive displacement of the chlorines by GSH. This change to a 1-line spectrum indicates the loss of the ring hydrogens, most likely via reductive addition of GSH. The change in g-factor from 2.0050 (2-line spectrum, Fig. 4C ) to 2.0049 (1-line spectrum, Fig. 4D ) also suggests a loss of chlorine.
When 3,4,6-Cl-2,5-Q (3 chlorines on the quinone ring) was examined by EPR, Fig. 4E , a 1-line EPR spectra was observed. As GSH is titrated into the solution to change [GSH]/[Q] from 1 to 10, a 1-line EPR spectrum persists; however, the signal intensity decreases, Fig. S5 . If indeed GSH displaces the 3 ring chlorines on the quinone, the observed semiquinone radical will be that of 3,4,6-GS-2,5-SQ
•Ϫ . If only substitution reactions occur, there will be no Michael addition reactions. The g-factor of the initial SQ
•Ϫ is 2.0052 (Fig. 4E) , whereas that of the final SQ
•Ϫ is 2.0049 (Fig. 4F) , suggesting loss of chlorine. It has been observed that glutathione S-transferases (GSTs) can catalyze the formation of thioethers from GSH and certain chlorinated compounds via displacement (loss) of chlorine (27, 28) . There are few reports of nonenzymatic dechlorination reactions between glutathione and chlorinated quinones, yielding thioethers, but no direct mass spectrometry data to support this phenomenon (29, 30) . To obtain direct evidence of dechlorination by glutathione, as suggested by the EPR results, we used MS to monitor stable products.
When 3,4,6-Cl-2,5-Q, was incubated with excess GSH, only 1 major product was found, which was identified as the (GS) 3 -Q adduct, Fig. 5 . In a parallel experiment, we incubated 2,3,5,6-tetrachloro-1,4-benzoquinone (chloranil) with excess GSH and observed the nonenzymatic formation of its (GS) 4 -Q adduct (Fig. S6) (31) . Because there are no positions available for Michael addition in these 2 compounds, only substitution reactions can produce fully glutathiylated products. In each case, the final products were only detected in quinone form. This observation indicates that thiols, such as GSH, can readily react with chlorinated quinones via nucleophilic substitution resulting in dechlorinated products.
When 4Ј-Cl-2,5-Q was introduced to a solution with excess GSH, we observed 2 adducts of GSH (Fig. S7) . Each GSHadduct was a hydroquinone consistent with the reductive addition of 1 or 2 GSHs, 4Ј-Cl-GS-2,5-H 2 Q (m/z 524.13) and 4Ј-Cl-(GS) 2 -2,5-H 2 Q (m/z 829.31). We propose that (GS) 2 -H 2 Q is formed as a result of the cross-oxidation of GS-H 2 Q with unreacted Q forming GS-Q (32, 33). GS-Q then reacts with GSH to form (GS) 2 -H 2 Q. The lack of evidence for the presence of 4Ј-Cl-GS-2,5-Q supports this proposal. Also seen are GSH and its dimer (GSH) 2 (not GSSG), and a peak m/z 1048.97, which is the dimer of 4Ј-Cl-GS-2,5-H 2 Q. These results clearly demonstrate the reductive addition of GSH to the 4Ј-Cl-2,5-Q. An interesting finding is that when 4,4Ј-Cl-2,5-Q and GSH were mixed, MS analysis showed the loss of 1 chlorine and the appearance of a (GS) 2 -hydroquinone adduct (m/z ϭ 829.16) (Fig. S8) . Because the experiments of 4Ј-Cl-2,5-Q with GSH showed no loss of chlorine, we deduce that the chlorine on the quinone ring of 4,4Ј-Cl-2,5-Q is displaced by GSH. The resulting mono-GS quinone adduct would rapidly add a second GSH via Michael addition to yield di-GS hydroquinone. We also saw a Michael addition product with a chlorine (m/z ϭ 558.06 and its dimer m/z 1116.85); this hydroquinone can undergo cross-oxidation and then add a second GSH, yielding a chlorinated di-GS adduct (m/z ϭ 863.19). Hydroquinone products would not react with GSH because the higher electron density of a hydroquinone would not be conducive to chlorine being a good leaving group.
Similarly, Michael addition and substitution reactions occur when 3,6,4Ј-Cl-2,5-Q is incubated with 10 equivalents of GSH. Mono adduct (GS-H 2 Q) (m/z ϭ 592.06) was detected in MS as a Michael addition reaction product; (GS) 2 -H 2 Q adduct (m/z ϭ 863. 19 ) and (GS) 3 -H 2 Q adduct (m/z ϭ 1134.30) were also detected. (GS) 2 -Q adduct was also found in the mass spectrum (Fig. S9) . Michael addition to a quinone is a reduction reaction yielding a hydroquinone as product; further reactions will occur, only if the new hydroquinone is oxidized to a quinone. In our system, the oxidation of this new hydroquinone could arise as a product via cross-oxidation reactions, Schemes 1 and 2). In contrast to Michael addition, the nucleophilic substitution of a chlorine by GSH would yield a new quinone as a product; this new quinone could then participate directly in another Michael addition or nucleophilic substitution reaction yielding glutathiylated products of higher degree.
In the experiments of Fig. 3 we demonstrated the production of O 2
•Ϫ upon the addition of GSH to 4Ј-Cl-2,5-Q. The presence of more chlorines on the quinone ring will increase the electrophilicity of the quinone, as evidenced by more positive reduction potentials. For example, the 1-and 2-electron reduction potential for benzoquinone are ϩ80 and ϩ450 mV (pH 7), respectively. However, for 2,5-dichloro-1,4-benzoquinone these potentials are more positive, ϩ470 and ϩ620 mV (16); for 2,3,5,6-tetrachloro-1,4-benzoquinone (chloranil) these potentials increase to ϩ650 and ϩ726 mV. Semiquinone radicals having a higher degree of chlorination are more persistent (26) ; thus, production of O 2
•Ϫ would be less favorable. By using EPR spin trapping, when GSH was added to a solution of 4,4Ј-Cl-2,5-
, only a semiquinone radical was observed (Fig. S10 ). This is in contrast to the results observed with 4Ј-Cl-2,5-Q, where DMPO/ • OOH was readily observed. However, upon the addition of more GSH ([GSH]/[Q] ϭ 2), DMPO/ • OOH was detected. Because chlorine can be a good leaving group, these observations suggest that the initial addition of GSH results in substitution of the chlorine on the quinone ring by GS Ϫ . When GSH is added to a PCB-quinone with 2 chlorines on the quinone ring, the dominant radical observed is that of the corresponding SQ •Ϫ , Fig. 4 (and Fig. S11 • OOH was not observed, but a relatively strong signal from the DMPO/HO • radical was seen.
In contrast, when GSH was added to the trichloroquinone 3,4,6-Cl-2,5-Q ([GSH]/[Q] ϭ 1) the expected strong singlet EPR spectrum was seen due to SQ •Ϫ along with DMPO/HO
• radical (Fig. S12) . When more GSH was introduced ([GSH]/[Q] ϭ 10), the EPR signal of SQ •Ϫ was relatively weak, no DMPO/HO
• was detected. Examination of this sample by MS showed the presence of a quinone with 3 adducted glutathiones, no chlorine remained (Fig. 5 ). In addition, no hydroquinone was observed. The inclusion of catalase resulted in the loss of the DMPO/HO • signal, indicating that H 2 O 2 is required for its formation. The reduction of O 2 to H 2 O 2 requires 2 electrons. A source of these electrons would be hydroquinone and/or semiquinone. Because the reaction of GSH with 3,4,6-Cl-2,5-Q is a displacement reaction rather than a reductive reaction, no hydroquinone will be formed as product. Thus, there will be only low levels of H 2 O 2 . This low level of H 2 O 2 probably arises from the relatively high concentration of SQ •Ϫ generated from fully chlorinated compound 3,4,6-Cl-2,5-Q; these SQ •Ϫ radicals will disproportionately produce hydroquinone and quinone; the hydroquinone can rapidly oxidize to produce H 2 O 2 . This mechanism is supported by the experiments of Fig. S13 . Starting with the same concentrations (100 M) of either hydroquinone or quinone, the same concentration of SQ •Ϫ was observed, Fig. S13 A and B . However, 3,4,6-Cl-2,5-H 2 Q generated 4 times more DMPO/HO
• adduct than quinone, consistent with formation of H 2 O 2 . If H 2 O 2 (100 M) was introduced to the quinone solution, significantly more HO • radical was detected; however, the concentration of SQ •Ϫ was substantially lower. These observations are consistent with SQ •Ϫ reacting with H 2 O 2 to produce HO
• (see the reaction presented as Eq. 11, as proposed by Zhu et al. (23, 24) .
The results presented in Figs. 3 and Fig. S10 demonstrate that the reductive addition of GSH to PCB-Qs, with either zero or 1 chlorine on the Q-ring, produces species that can generate O 2
•Ϫ . However, if there are 2 or 3 chlorines on the Q-ring, no DMPO/ • OOH is observed, rather the DMPO/HO
• adduct can be detected; formation of this adduct depends on the presence of H 2 O 2 . Thus, GSH adducts of these Qs are capable of producing ROS. Important is that GSH is a source of reducing equivalents that can lead to the production of H 2 O 2 via Q/SQ
•Ϫ / H 2 Q chemistry; this in turn will lead to the production of HO
• . To demonstrate that autoxidation of these hydroquinones produced H 2 O 2 we used an oxygen monitor. Indeed, the introduction of hydroquinone into an oxygen monitor (phosphate buffer pH 7.4) resulted in the loss of oxygen, Fig. S14 (see the reaction shown in Eq. 10). The rate of loss of dioxygen was slow with 4Ј-Cl-2,5-H 2 Q. The initial rate of loss of O 2 increased as the number of chlorines on the H 2 Q-ring increased. When SOD (100 units/mL) was present, the rate of O 2 -consumption increased. To demonstrate the presence of H 2 O 2 catalase (500 units/mL) was added. The initial concentrations of 3,6,4Ј-Cl-2,5-H 2 Q and 3,4,6-Cl-2,5-H 2 Q were adjusted to 100 M to make the H 2 Q the limiting reagent. For each H 2 Q, Ϸ50% of the oxygen that had been consumed was returned upon the introduction of catalase, demonstrating that all of the O 2 consumed was converted to H 2 O 2 .
Interestingly, the initial rates for the oxidation of this set of chlorinated hydroquinones at pH 7.4 increased by a factor Ϸ10 as the number of chlorines on the oxygenated ring increased from 0 to 2, Fig. 6 . In general, it is the ionized forms of hydroquinones and catechols that undergo autoxidation (34) . Our kinetic observations indicate that the first pK a of this set of chlorinated hydroquinones decreases by 1 unit with the addition of each chlorine to the hydroquinone ring (if the pK a of 4Ј-Cl-2,5-H 2 Q is Ϸ10 (35); then pK a Ϸ 9 for 4,4Ј-Cl-2,5-H 2 Q; pK a Ϸ 8 for 3,6,4Ј-Cl-2,5-H 2 Q). However, the hydroquinone with 3 chlorines on the ring appears not to follow this trend (Fig. 6) . The increase in the rate of oxygen uptake was only a factor of 3.2 (as opposed to 10) when the number chlorines on the hydroquinone ring increased from 2 to 3 (Fig. 6 ). If we assume the first pK a of 3,4,6-Cl-2,5-H 2 Q is Ϸ7, and we calculate the fraction of H 2 Q that would be ionized for each of these hydroquinones at pH 7.4, we get an outstanding linear relationship for a plot of log(rate) vs. log(fraction ionized) for all 4 compounds, as predicted if these estimates of the first pK a s are accurate (Fig. 6) . That the slope of the plot is 1.0 indicates that the oxidation we are observing is first-order in the ionized form of the hydroquinone. Analysis of the rate of loss of oxygen indicates that the reaction is also first-order with respect to [O 2 ]. These kinetic data indicate that addition of chlorine to a H 2 Q will change its oxidizability by lowering the pK a .
In summary we have demonstrated: GSH reacts rapidly with PCB-Q's via Michael addition; the resulting H 2 Q can be oxidized to form a SQ •Ϫ ; the glutathiylated SQ
•Ϫ can produce O 2 •Ϫ as seen by EPR spin trapping; GSH will react with chlorinated quinones via a nonenzymatic, nonreductive, nucleophilic substitution reaction, yielding a glutathiylated quinone with associated loss of chlorine (Scheme 2); This glutathiylated quinone can then undergo an additional substitution reaction to displace another chlorine, if present, or a Michael addition; The addition of chlorines to a H 2 Q-ring increases its oxidizability; the greater the number of chlorines, the faster the rate of oxidation at nearneutral pH; This oxidation results in the production of H 2 O 2 , which can lead to the production of HO • ; and the first pK a of a PCB-H 2 Q decreases by 1 unit upon the addition of each chlorine to the H 2 Q-ring. This accounts for the greater oxidizability. We provide the first clear evidence that chlorinated quinones can readily undergo nonenzymatic dechlorination, an important finding when considering the detoxification and remediation of this class of compounds.
Materials and Methods
Horseradish peroxidase (HRP), catalase (Cat), superoxide dismutase (SOD), and diethylenetriaminepentaacetic acid (DETAPAC) were from Sigma. DMPO was from Dojindo Laboratories. The PCB hydroquinones and quinones were synthesized as described (5, 26) . All EPR and oxygen consumption experiments were carried out in 100 mM phosphate buffer (pH 7.4) containing 250 M DETAPAC.
EPR spectroscopy was done at room temperature using a Bruker EMX spectrometer equipped with a HS-cavity and an Aqua-X sample cell. Typical EPR-parameters were: 3,511 G center field; 15 G, or 80 G sweep width (spin trapping experiments with DMPO); 9.854 GHz microwave frequency; 20 mW power; 2 ϫ 10 5 receiver gain; modulation amplitude of 0.1 or 1.0 G; with the conversion time and time constant both being 40.96 ms with 5 X-scans for each 1,024-point spectrum. All g-factors quoted used the g-factor ϭ 2.0046 for para-benzosemiquinone in water as standard. MS analyses were performed on a Thermo Electron LCQ Deca ion trap mass spectrometer with an electrospray ionization (ESI) interface. Typical reaction mixtures contain 100 M PCB quinones and 1 mM GSH, injected after 1 min of mixing. The mobile phase consists of buffer (0.1% formic acid in water). Negative ion electrospray ionization was used in the MS analysis. Data were acquired over the range of 200-2000 under standard mode. 
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